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ABSTRACT 
 
Exposure to bioaerosol in indoor environments is associated with adverse health effects. 
There is need to develop control devices to separate bioaerosols from gas streams in heating and 
ventilation systems to protect human health and enhance national security. The goal of this 
research is to develop an experimental setup to evaluate the virus removal efficiency of an 
electrothermally regenerated activated carbon fiber cloth (ACFC) filter. MS2 bacteriophage was 
used as a model virus. Three tasks were conducted. The first task involved the development of a 
modified Liquid Sparging Aerosolizer (LSA) generator, which was fabricated to produce a stable 
supply of tested bioaerosol. The second task involved the determination of the biological 
collection efficiency of the SKC BioSampler for bacteriophage MS2. The BioSampler is used to 
characterize the biological removal efficiency of the ACFC filter by capturing the bioaerosol in a 
liquid medium before and after the ACFC filter. The biological collection efficiency of the 
BioSampler was calculated based on the results of infectivity assay. A 100 kDalton membrane 
was used to collect aerosolized MS2 particles at the inlet of the BioSampler. Infectivity assay 
was used to determine the infectious MS2 particles on the membrane filter and in the collection 
media of the BioSampler. Under 1 slpm (standard liter per minute) (20 °C, 1 atm) flow rate of 
the filter, 6 slpm (20 °C, 1 atm) flow rate of the BioSampler, and 50% relative humidity (RH), 
the biological collection efficiency calculated based on the results of the infectivity assays was 
7.9 ± 0.42% based on three independent tests. The third task was to determine the ACFC’s 
ability to physically remove nanometer diameter particles. ACFC was tested with 40 nm and 95 
nm diameter PSL beads. A particle physical removal of 97 ± 0.07% of the particles was 
measured based on the difference of the outlet and inlet particle number concentrations.  
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This research comprises the preparatory steps into the development of an indoor air-
filtering device. A stable bioaerosol generator was built and tested; the physical removal 
efficiency of the filter and the biological collection efficiency of the BioSampler were quantified. 
The low biological bioaerosol collection efficiencies found in this research provide an 
opportunity for future research, which should involve the evaluation of the biological collection 
efficiency under variable conditions of RH, flow rate, and viral concentration for different 
nanodiameter sized viruses. Based on these results, a more accurate testing of the ACFC’s 
removal efficiency for viral particles should be conducted. Finally, electrothermal heating 
experiments must be performed, which will incorporate the evaluation of the amount of electrical 
power applied to the ACFC filter and the effect of increased electrical power on the infectivity of 
collected bioaerosols. All these experiments will test the ACFC’s capability to remove 
bioaerosols from airstreams and thus become a potential filter device for air conditioning and 
ventilation (HVAC) systems. 
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CHAPTER 1: INTRODUCTION 
1.1. Background and Motivation 
1.1.1. Bioaerosols  
 
Biological aerosols or “bioaerosols” are particles of biological origin dispersed in a gas (Willeke 
et al., 1993). These aerosols contain organic carbon and are thus a subset of organic aerosols. 
Within the bioaerosol subgroup, primary biogenic aerosols (PBA) comprise of organic matter 
emitted directly from the biosphere (e.g., vegetation, soil, ocean) into the atmosphere (Després et 
al., 2007; Georgakopoulos et al., 2009). Examples of PBA include pollen, spores, bacteria, algae, 
fungi, viruses, and protein “crystals” (Jaenicke, 2005). Clearly, this subgroup is broad and 
embraces a large variety of biological particles including live, dead or dormant organisms, 
biological aggregates, products, and by-products (Ariya et al., 2009; Georgakopoulos et al., 
2009). Bioaerosols have a wide particle diameter range, from 20 nm (viruses) to 100 µm (pollen 
(Ariya & Amyot, 2004). Bioaerosols can be found as large molecules or airborne particles 
(Parisa A. Ariya et al., 2004). The particle diameter of bioaerosols is determined by their 
formation processes as well as their atmospheric, chemical and physical transformations 
(Georgakopoulos et al., 2009).  
Typical viral aerosol diameters are on the order of 20 - 300 nm (Willeke et al., 1993). 
Their small diameter and particle structure cause them to have a particular behavior when 
released in the air through human functions such as, sneezing and coughing. Diameter size 
determines the capacity of a particle to remain airborne (Verreault et al., 2008). Small particles 
can remain airborne for a prolonged period of time because of their low settling velocity in still 
air, which can be calculated using Stokes’ law (Tellier, 2009). Tellier et al., 2009, estimated that 
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a 3 m fall takes 4 min for a 20 µm diameter particle, 17 min for a 10 µm diameter particle and 67 
min for a 5 µm diameter particle.  
Viruses are genetic elements that cannot replicate independently. In order to replicate, 
they infect a host cell, which provides the energy and materials required for replication (Madigan 
et al., 2009). Thus, infected organisms can spread viruses directly into the surrounding air to 
fluids and surfaces by the emission of infectious droplets or particles called fomites (Kowalski et 
al., 1998). This is known as primary aerosolization. Contaminated fluids and surfaces can also 
become sources of transmission, and this is known as secondary aerosolization. Disturbances to 
liquid surfaces, such as liquid splashes may produce airborne virus-laden particles. However, the 
most important sources of airborne viruses associated with human health risk are human beings 
and their activities (Verreault et al., 2008). These activities include expiratory functions (e.g., 
breathing, speaking, coughing, and sneezing), sewage aerosolization from toilets, and bathing. 
The type of aerosolization determines the droplet diameter and initial velocity, which influence 
the aerosol transport and survival (Morawska, 2006). An example of infection transmission in 
humans would involve a sneeze or cough, by which particles of saliva and mucus containing 
viruses are emitted. If these particles are inhaled by a susceptible individual and deposit in a 
suitable location in the respiratory tract, infection can occur (Nicas et al., 2005). 
1.1.2. Indoor Air Quality: Airborne Pathogens  
 
Pathogens are defined as any disease-causing microorganism, including microbial agents 
of respiratory irritation (e.g., allergens and toxigenic fungi) (Kowalski et al., 1998). As, 
mentioned earlier, the diameter of particles plays an important role on the pathogenicity of 
microorganisms. For instance, Nicas et al., 2005, and Weber et al., 2008, highlight the 
importance of particles with diameter (dp) ≤ 10 µm because they can remain airborne for long 
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periods (from min to days) and once inhaled, can reach the alveolar region of the lungs (Nicas et 
al., 2005; Weber et al., 2008). The term airborne transmission refers to the infection via 
inhalation of pathogen-carrying droplets (Nicas et al., 2005). Airborne pathogens are considered 
a major public health threat. Some examples include legionella transmission through 
aerosolization and aspiration of contaminated water, influenza spread by direct and indirect 
contact, smallpox and rhinovirus’ spread by droplet transmission and severe acute respiratory 
syndrome (SARS) through contact with contaminated water and transmission from person to 
person through virus carrying droplets (Fiegel et al., 2006).  
1.1.3. Air Conditioning Systems 
 
Indoor environments are ideal spaces for airborne transmission due to favorable relative 
humidity (RH) and temperature levels, as well as lack of ultraviolet (UV) light (Weber et al., 
2008). The building’s heating, ventilating, and air-conditioning (HVAC) systems are of 
particular concern because they can turn into entry points and distribution systems for hazardous 
contaminants (NIOSH, 2003), including airborne pathogens. Therefore, HVAC systems 
operation is important for the health and safety of building occupants and need to be designed to 
provide acceptable air quality conditions. Low energy and maintenance HVACs should also be 
versatile to handle non-typical hazardous pollutants that may be intentionally of accidentally 
released, including hazardous agents of biological and/or chemical origin (Hitchcock et al., 
2006). 
1.1.4. Bioterrorism Threat 
 
Commercial and public buildings have been targets of bioterrorist attacks in the United 
States and abroad (Hitchcock et al., 2006). For example, in 2001, Bacillus anthracis spores were 
sent through the U.S. postal service to several states, including congressional offices and caused 
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human death and injury. The associated expenditures for antibiotics provision, decontamination, 
and restoration of the attacked buildings was on the order of hundreds of millions of dollars 
(Hitchcock et al., 2006; Wood et al., 2010). After these surprising attacks, biological terrorism 
prevention has gained attention and the U.S government has increased their focus on designing 
strategies to prevent or mitigate future attacks of vulnerable buildings (NIOSH, 2003).  
This research consists of a number of preparatory tasks for the evaluation of an activated 
carbon fiber cloth (ACFC) filter for the removal and inactivation of a viral nanodiameter aerosol 
(MS2 bacteriophage) at the bench-scale. The ACFC filter was designed to be used in HVAC 
systems to purify indoor air streams of viable particulate matter. The preparatory tasks conducted 
consist of the development and test of a bioaerosol generator for the aerosolization of MS2 
particles, the measurement of the biological collection efficiency of the SKC BioSampler (a 
collection device to evaluate the biological removal efficiency of the ACFC) and preliminary 
tests to evaluate the ACFC for the physical removal of nanodiameter particles. 
 
1.2. Laboratory Bioaerosol Generation Systems 
In order to test the performance of the ACFC filter at the bench scale, bioaerosol needs be 
generated, and its concentration quantified upstream and downstream of each element of the 
sampling apparatus. Aerosolization of microorganisms can be performed using dry or wet 
dispersion to simulate the suspension mechanisms leading to the natural dispersion of the 
microorganisms. Dry dispersion is applied mostly to fungi and bacteria (spores). Wet dispersion, 
based on the aerosolization of droplets from a liquid suspension of biological particles, is used to 
aerosolize bacteria, yeasts and viruses (Simon et al., 2011). In the following sections, wet 
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dispersion methods are presented, because they are applicable to virus aerosolization, which is 
the focus of this study.   
1.2.1. Collison Nebulizer 
 
The Collison Nebulizer (Waltham, MA, USA), shown in Figure 1, is the most widely 
used bioaerosol generation device in laboratories (Rule et al., 2009). The Collison Nebulizer 
achieves particle dispersion with a high-velocity air jet generated by high-pressure air passing 
through a nozzle. The air-jet forms a low-pressure region that causes the liquid suspension to rise 
up a feed tube and be nebulized into droplets. The nebulization occurs by the entrainment of the 
air-jet into the liquid through a cylindrical rod, which atomizes the liquid into droplets. The 
distribution of droplet diameters is large. The large particles (> 30 µm) collide with the vessel 
wall and return to the liquid reservoir, while the smaller particles (0.25 – 30 µm) exit through the 
outlet port with the air flow (Grinshpun et al., 1997; May, 1972). The disadvantage of this 
generation method is that it creates significant shear stress, therefore, impacting microorganisms’ 
viability (Christensen, 2009; Rule et al., 2009).  
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Figure 1. Schematic diagram of Collison Nebulizer (BGI INC., 2002). 
 
1.2.2. Constant Output Atomizer 
 
The constant output atomizer uses air pressure to raise the liquid through a capillary and 
out through a nozzle and consequently, produces micrometer and submicrometer diameter liquid 
droplets. In contrast with the Collison Nebulizer, the constant output atomizer uses a gas to 
aspirate the liquid into a sonic velocity gas jet, where the liquid is sheared into droplets, as 
shown in Figure 2. Supermicrometer diameter droplets are removed from the flow stream with 
an impactor (Christensen, 2009; Hogan et al., 2005). According to Hogan et al., 2005, the size 
distribution of particles generated by the constant output atomizer is constant over time, while 
particles produced from a Collison Nebulizer have a time-varying size distribution. 
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Figure 2. Schematic diagram of constant output atomizer, model 3075/3076 (TSI INC, 2003). 
 
1.2.3. Bubbling Generator 
 
Bubbling generators aerosolize microorganisms by bubble bursting. Bubbles are formed 
by passing dry air through a medium-porosity fritted disk immersed in the suspension, as shown 
in Figure 3. Immediately after bubble bursting, the droplets are dried by tangential injection of 
drying air, which causes a reduction in their diameter (Reponen et al., 1997). In comparison with 
the nebulizer, this method reduces the stress caused on the microorganisms and eliminates 
reaerosolization, and wall impaction (Christensen, 2009; Reponen et al., 1997; Ulevicius et al., 
2007). This device produces lower amounts of bacterial fragments and lower levels of microbial 
injury than the Collison Nebulizer (Reponen et al., 1997). 
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Figure 3. Schematic diagram of bubbling aerosol generator (Reponen et al., 1997).  
 
1.2.4. Liquid Sparging Aerosolizer (LSA) 
 
The LSA is a single-pass bubble generator that uses the principle of the bubbling 
generator, however the fritted disc is not submerged in the suspension (Figure 4). The microbial 
suspension is fed to the generator by a peristaltic pump and injected with a syringe at a constant 
flow rate. Bubbles are created on top of the fritted glass disc where a film is formed. The airflow 
delivered through the porous disc dries the bubbles and pushes the airflow towards the outlet. 
The LSA has demonstrated high stability, i.e., less than 12% concentration variability over 90 
min with P. fluorescens bacteria (Mainelis et al., 2005) and 13% concentration variability over 
180 min with E. coli bacteria (Simon et al., 2011). 
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Figure 4. Schematic diagram of the Liquid Sparging Aerosolizer (LSA) (Mainelis et al., 2005).  
 
1.3. Bioaerosol Characterization 
For bioaerosols understanding both their number counts and their ability to be infectious 
are important. Therefore, when the bioaerosol removal efficiencies of different control devices 
are examined, both the physical removal efficiency and biological removal efficiency need be 
quantified. The physical collection efficiency refers to the fraction of airborne particles that are 
retained in the collection medium relative to the total amount of particles initially transported to 
the medium (Zhao et al., 2011a). The biological collection efficiency refers to the fraction of the 
initial suspension of infective particles that remain infective after being collected by the 
collection medium and is thus a measure of the preservation of the infectivity of the bioaerosol 
after it experiences select stresses throughout the sampling apparatus but also it is a measure of 
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the efficiency of cleaning devices to remove infectious bioaerosols. The number of infective 
particles is determined based on infectivity assay. 
1.3.1. Physical Characterization 
 
1.3.1.1. Electrical Mobility  
 
Under well-controlled conditions, electrostatic forces can affect particle motion and thus 
can be used for aerosol sampling with appropriate measurement instruments. These instruments 
use electrostatic forces to select particles of specific diameters depending on the strength of an 
applied electric field. Such sampling is more appropriate for submicrometer diameter particles 
for which gravitational settling, diffusion or inertial forces are weak (Willeke et al., 1993) The 
electrical mobility (Be) describes a particle’s ability to move in an externally applied electric 
field (Willeke et al., 1993). Be is the ratio of the electrical terminal velocity of a particle with a 
charge of ne, divided by an electric field of unit intensity (Zhang, 2004). 
 B! = V!"!#E = neC!3πµμ!d! 
Where   B!: electrical  mobility  V!"!#: electrical  terminal  velocity E: electric  field  intensity n: number  of  charges e: elementary  unit  of  charge C!: cunningham  correction  factor µμ!: dynamic  viscocity  of  air d!: particle  diameter   
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The differential mobility analyzer (DMA) classifies particles according to their electrical 
mobility such that for a given voltage setting, only particles with a narrow range of electrical 
mobilities pass through the outlet (Willeke et al., 1993). The Scanning Mobility Particle Sizer 
(SMPS) provides high-resolution particle sizing and is composed of a DMA, a condensation 
particle counter (CPC) and the software to control the instrumentation, analyze the results, and 
store the data. Electrostatic classifiers (EC) operate based on the DMA but also incorporate a 
controller platform, that contains a power supply, blowers, aerosol neutralizer, LCD display, and 
all instrument controls. The scanning feature of the SMPS enables to measure the size 
distribution of the tested aerosol (TSI INC, 2001). 
1.3.1.2. Optical Properties 
 
Optical aerosol measurement instruments rely on the extinction of light by aerosol 
particles. Aerosol concentration is quantified by measuring the light extinction by particles in the 
path of a light beam. The extinction efficiency of a particle is a function of its refractive index, 
size, shape, and wavelength of incident light. A shortcoming of this method is its low sensitivity 
at low particle concentrations (Willeke et al., 1993).  
An optical aerosol instrument with higher sensitivity (1800 particles/cm3 at 95 cm3/min) 
is the laser aerosol spectrometer, which uses the intensity of light scattered from a laser to 
measure the particle diameter and concentration. The laser aerosol spectrometer has a lower 
diameter detection limit of 90 nm (Nelson, 2011; TSI INC, 2013). Another example of optical 
aerosol instrument is the CPC. In CPCs particles are supersaturated with an alcohol vapor that 
results into increasing particle diameter and thus smaller particles can be detected with a typical 
lower detection diameter of 10 nm (Willeke et al., 1993), CPCs do not make particle diameter 
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resolved measurements without preprocessing that typically involves use of a DMA upstream of 
the CPC. 
1.3.1.3. Aerodynamic Sizing 
 
The Aerodynamic Particle Sizer (APS) provides a size distribution for particles by 
measuring their velocity relative to the air velocity inside an acceleration nozzle. The velocity is 
then compared to a calibration curve (Willeke et al., 1993). The APS provides accurate particle 
counts and size distributions for particles in the range of 0.5 to 20 µm diameter (Kesavan et al., 
2009). It is important to mention that accuracy and resolution are highly diminished for non-
spherical particles (Reponen et al., 1997). This device has been used in several studies to 
measure size distribution of microorganisms in that diameter range, such as bacteria (Rule et al., 
2009; Simon et al., 2011) and some viruses (Liu et al., 2012; Oh et al., 2010; Tseng et al., 2005). 
1.3.1.4. Filtration 
 
Filtration consists of an air stream passing through a fibrous filter in which particles or 
gases in that air stream may be collected by one of the following mechanisms: interception, 
inertial impaction, or diffusion (Zhang, 2004). While small particles are more efficiently 
collected by the diffusion mechanism, larger particle collection efficiencies are governed by 
interception and impaction. Fibrous filters have minimum collection efficiency for particles in 
the range of 0.05 and 0.5 µm because such particles are not efficiently collected by any of the 
three aforementioned mechanisms (Zhao et al., 2011a). Filtration improves outside that range.  
Filters are also used for collecting bioaerosols. Different kinds of filters have been used to 
collect viruses, the most efficient being polytetrafluoroethylene (PTFE) and gelatin filters 
(Verreault et al., 2008). The pore size of these filters is 2 - 3 µm, which is larger than some 
viruses. The filtration for viruses using these filters may rely on diffusion and interception. Since 
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gelatin filters maintain a moist collection environment, they can conserve the viability of 
collected microorganisms for meaningful sampling times. Gelatin filters can also be easily 
dissolved, thus allowing a relatively simple recovery process and minimizing media extraction 
losses (Christensen, 2009; Fabian et al., 2009). However, it was found that gelatin filters might 
not be suitable for long-term sampling times, due to potential drying out (Burton et al., 2007). 
PTFE filters yield very high collection efficiencies (> 96%) for submicrometer and nanodiameter 
bioaerosol particles, including bacteria (Bacillus atrophaeus endospores: 0.9 µm) and viruses 
(MS2) (Burton et al., 2007). Verreault et al., 2008, mentions that filters can cause structural 
damage and desiccation during sampling that can affect culture analysis of samples. The gelatin 
filter has proved to cause the least damage to the virus and have a higher collection efficiency 
than other filters (Tseng et al., 2005).  
1.3.1.5. Impaction 
 
This mechanism is defined as particle motion resulting in the collection or collision of 
particles onto a surface due to particle inertia. Impactors rely on this principle to separate 
particles from the airstream by inertial forces (Zhang, 2004). Inertial impaction, a very common 
mechanism of particle removal in bioaerosol samplers, depends on particle properties (i.e., size, 
density, and relative velocity to the collector); and on the impactor’s properties (i.e., inlet nozzle 
dimensions, airflow path) (Willeke et al., 1993).  
The most common impactors to collect airborne viruses are solid and liquid impactors. 
The streamline in solid impactors moves towards a surface and suddenly changes direction, but 
particles’ inertia deviates them from the flow and makes them impact against the surface (petri 
dish with culture medium). The medium is then utilized for conducting plaque assays. Some 
examples of solid impactors are Andersen samplers (Thermo Scientific, USA), slit samplers and 
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cyclone samplers (Figure 5). Andersen impactors possess a multistage configuration designed to 
accelerate incoming particles. Each stage traps particles with a specific diameter range. Slit 
samplers also operate by accelerating particles, which impact onto a rotating petri dish that 
contains culture medium. Cyclones accelerate the air by centrifugal vortex and push the airborne 
particles into contact with a solid surface by using the inertia of the particles. A scrubbing liquid 
is constantly injected into the cyclone and collected in a bottle at its base. The aerosol 
concentration in the liquid depends on the air sampling and liquid injection rates (Verreault et al., 
2008). Solid impactors are more efficient for collecting large particles, for instance the six-stage 
Andersen impactor collects particles in a diameter range of 0.65-7.5 µm. While slit samplers 
have been used mainly to collect bacteria (Verreault et al., 2008; Zhao et al., 2011a, 2011b), the 
Andersen impactor has been used for viruses-laden particles (Appert et al., 2012; Tseng et al., 
2005). 
 
Figure 5. Simplified diagrams of six different bioaerosol samplers. Red lines and arrows 
represent the airflow into the sampler. Blue arrows represent airflow out of the sampler 
(Verreault et al., 2008).  
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Liquid surface impactors including all-glass impingers are the most widely used for 
collecting airborne viruses (Verreault et al., 2008). The principle of operation consists of the 
acceleration of airborne particles through a narrow orifice located at a certain height from the 
bottom of the liquid flask. A pressure drop inside the flask forces the air to enter through the inlet 
and a glass tube curves the stream to a vertical position forcing the airflow downward. At the end 
of the tube the diameter gets reduced becoming a critical orifice and thus accelerating the airflow 
until sonic velocity. The largest particles are trapped in the curved tube, which simulates the 
human nose. The largest particles that pass through the critical orifice impact the liquid surface 
and get collected. The main advantages of the impingers are the gentle sampling process and a 
decrease in desiccation in comparison with other methods. Impingers also facilitate the 
extraction of genetic material for subsequent analysis (Verreault et al., 2008). A disadvantage 
and a cause for particle loss is reaerosolization (Riemenschneider et al., 2010).  
Impingers such as, AGI-4 and AGI-30 are used as reference samplers and have been 
widely used to measure physical and viable airborne virus collection efficiencies (Anwar et al., 
2010; Liu et al., 2012; Tseng et al., 2005). A later developed impinger is the SKC BioSampler 
(SKC Inc., PA, USA), also known as the “swirling aerosol collector”. This device differs for the 
other impingers in that it has three tangential nozzles instead of one, which reduces particle 
bounce off the inner walls and also reduces reaerosolization by causing the liquid to gently swirl 
and move particles into the collection liquid. Diagrams for the impingers AGI-30 and the 
BioSampler are shown in Figure 6. Impingers have high collection efficiencies for particle 
diameters > 0.1 µm (Dart et al., 2008) but as particle diameter decreases, the collection 
efficiency also decreases dramatically as shown in Figure 6. 
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Figure 6. BioSampler collection efficiency is close to 100% over a wide range of particle 
diameters when operated at 12.5 slpm (20 °C, 1 atm) with water or a liquid of similar viscosity. 
For particles less than 1.0 µm in diameter, collection efficiency decreases to approximately 90% 
at 0.5 µm diameter. The BioSampler, in contrast with the AGI-30, has three tangential nozzles 
instead of one to reduce particle bounce and reaerosolization (SKC Inc., 
http://www.skcinc.com/instructions/1603.pdf). 
 
Different studies have compared the BioSampler’s collection efficiency with other 
collection devices (Anwar et al., 2010; Fabian et al., 2009; Hogan et al., 2005; Kim et al., 2007). 
But results are not consistent. For instance, Fabian et al., 2009, found the BioSampler preserved 
at least five more times influenza virus (80 - 120 nm) infectivity than a compact cascade 
impactor, a Teflon filter and a gelatin filter. But Hogan et al., 2005, determined that the 
BioSampler had collection efficiencies below 10% for 30 - 100 nm diameter particles. However, 
several authors agree that the BioSampler has a higher collection efficiency for airborne viruses 
than the AGI-30 impinger (Hermann et al., 2006; Kim et al., 2007). 
Additionally, RH might have an impact on the biological collection efficiency of 
impingers. In some studies, it was observed a change in the recovery of airborne coliphages T3, 
T2 and T7, when increasing or decreasing RH between 8 and 95%, by using a humidification 
 Diameter,	  μm	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bulb. Higher RH values resulted in an increase of airborne T3 phage recovery. However, for 
other viruses (mengovirus 37A, vesicular stomatitis) humidification did not cause an effect in 
recovery (Verreault et al., 2008). 
1.3.2. Biological Characterization 
 
1.3.2.1. Culture Technique 
 
This technique consists of the isolation of microorganisms on a nutrient media plate, 
followed by enumeration. Collection of microorganisms is usually done by impaction and 
interception on a filter or an agar surface, followed by incubation and development of colonies 
that are counted and identified (Georgakopoulos et al., 2009). The problem with culture-based 
techniques is that not all organisms are culturable, while they still may be viable (Liu et al., 
2012).  
1.3.2.2.  Polymerase Chain Reaction (PCR) 
 
This technique requires deoxyribonucleic acid (DNA) extraction, which can be quite 
challenging when the sample is diverse, as each type of microorganism requires different 
extraction conditions. The Polymerase Chain Reaction (PCR) follows DNA extraction and 
consists of copying specific regions of the genome that are analysis targets (amplification). The 
main advantage of PCR in general is the high sensitivity, since it can detect lower concentrations 
of microorganisms than culture-based techniques, but sensitivity can also be an issue when there 
is background DNA contamination in the sample or sampling equipment, as this will get 
amplified as well (Georgakopoulos et al., 2009). 
Real-time quantitative polymerase chain reaction (Q-PCR) techniques do not depend on 
culturability, therefore allowing for the detection of microorganisms with a short analysis time. 
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This feature allows longer term air sampling (Burton et al., 2007). Furthermore, PCR does not 
require incubation and can be automated to perform sample collection, preparation, and analysis 
of many samples in a shorter period of time (Christensen, 2009). A disadvantage of Q-PCR is 
that it cannot distinguish between nonviable and viable organisms (Liu et al., 2012). 
1.4. Control Methods for Bioaerosols 
1.4.1. Capture  
 
1.4.1.1. Air Filtration 
 
As previously described, filtration depends on impaction, interception and diffusion 
mechanisms. Although filtration is the most popular method for aerosol removal in HVAC 
systems, conventional high efficiency filters require high-energy consumption because of high-
pressure drop. In addition, surviving microorganisms in the filters may be released and re-entrain 
into the airflow, producing a microbial contamination (Lee et al., 2009). High efficiency 
particulate air (HEPA) filters remove more than 99.99% of airborne particles arriving at the filter 
media, in the 1 to 10 µm diameter range (NIOSH, 2003) (Figure 7). However, regarding the 
pressure drop problem, more powerful fans are required to compensate for the resistance to 
airflow, which end up causing noise and vibrations issues and higher energy consumption. 
HEPA filters also need to be replaced periodically to maintain high collection efficiency and they 
are expensive. Finally, the potential for re-entrainment due to the closeness of intake and exhaust 
locations is a detriment, as well (Brickner et al., 2003; Fiegel et al., 2006). 
The American Society of Heating, Refrigerating, and Air-Conditioning Engineers 
(ASHRAE) provides ratings for filters according to their particle collection efficiency, pressure 
drop, and particulate-holding capacity. Specifically, the ASHRAE standard 52.2-1999 quantifies 
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filtration efficiency for different particle diameter ranges. The numerical minimum efficiency 
reporting value (MERV) parameter is used by the standard to represent particle removal 
efficiency (PRE). Higher MERV numbers correspond to filters with higher physical particle 
removal efficiencies (Rood, 2007). MERV values and their corresponding particle size removal 
efficiency for the particle range of 0.3 – 1 µm in diameter are shown in Table 1. 
Table 1. Particle size efficiency for each MERV number in the diameter range 0.3 to 1 µm 
according to ASHRAE 52.2. Values for MERV 1 to 12 are not shown because they are 
undefined (NIOSH, 2003). 
 
 ASHRAE 52.2 
MERV 0.3 to 1 µm particle diameter 
range 
13  < 75%  
14  75 - 85%  
15  85 - 95%  
16   95%  
17 ≥ 99.97% 
18 ≥ 99.99% 
19 ≥ 99.999% 
20 ≥ 99.9999% 
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Figure 7. Collection efficiency vs. particle diameter for four ASHRAE-rated filters: ASHRAE 
95%, ASHRAE 85%, ASHRAE 65% and ASHRAE 40% (ASHRAE atmospheric dust spot 
efficiencies) (NIOSH, 2003). 
 
Particle removal efficiency by filters depends on many factors including the diameter of 
the particle and fiber, as well as, the operating conditions of the filter. In this context, viruses 
such as the influenza viruses have limited removal efficiency (71% and 76%) with a MERV 16 
filter, while large bacterial (> 1 µm) and fungal spores such as Bacillus anthracis (1 - 1.2 µm) 
and B. dermatitidis (8 - 15 µm) are almost completely removed (> 99.98 %) with MERV 16 
filters (Rood, 2007). Collection efficiency vs. particle diameter for four ASHRAE-rated filters is 
shown in Figure 8. 
The ACFC consists of 12 µm diameter woven fibers and high porosity (0.8 cm3/g) with 
0.7 nm wide pores. This material is another appropriate filtration medium for particulate matter 
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(Lo, 2002). Furthermore, its electrothermal properties make it fully regenerable, and 
electrothermal regeneration cycles can be applied to thermally inactivate captured bioaerosols. 
Finally, it allows rapid and selective adsorption of organic gases for air streams. Therefore, it can 
be used to control both particles and gases and overcomes some issues of existing HEPA filters 
by inactivating viable bioaerosols, removing toxic gases and regenerating for long term reuse 
(Sullivan et al., 2004). 
1.4.1.2. Electrostatic Precipitation 
 
Electrostatic precipitators (ESPs) remove particles by generating a corona that causes the 
formation of ions, which charge the particles and makes them migrate to a collection electrode of 
opposite charge. A voltage differential among charging electrodes and collection plates ensures 
an electric force responsible for the particle migration to the plates. Cleaning of plates is done by 
physical processes such as shaking and washing to detach particle agglomeration (Rood, 2007). 
Capture efficiencies exceeding 99% were reported for electrostatic precipitators at 9 and 10 kV for 
all particle sizes (5 - 225 nm) produced by aerosolizing MS2 (Hogan et al., 2004). At lower voltages 
a certain fraction of the particles are uncharged and they are not captured by the ESP (Hogan et al., 
2004). However, due to the difficulty to charge ultrafine particles (< 0.01 µm diameter), a 
fraction of ultrafine particles might not be charged and the sample would be biased towards 
larger particles (Willeke et al., 1993). 
1.4.1.3. Negative Air Ionization (NAI) 
 
NAI can electronically charge bioaerosols causing airborne particles to be removed from 
the indoor air faster than electrostatic forces (Rood, 2007). The ions (usually negative) emitted 
from the ionizer help charge the airborne particles, which are then removed from air space by 
electro-migration effects to the walls of the room due to the space charge induced electric fields 
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(Mayya et al., 2004). Mitchell et al., 1994 studied the effect of negative air ionizers on airborne 
transmission of the Roakin strain of Newcastle disease virus (NDV) and found a reduction of 6.6 
to 27.7% of airborne transmission when using air ion generators (Mitchell et al., 1994). 
1.4.1.4. Acoustically Enhanced Impaction (AEI) 
 
AEI utilizes intense sound fields to induce aerosol drift and enhance probability of 
impaction on coarse filter media to collect the particulate matter within the device. A device 
developed by Applied Research Associates (Littleton, CO) uses sound fields to remove sub-
micrometer diameter particles from a continuously flowing air stream (Nelson, 2011).  
Nelson (2011) designed a bench-scale test chamber based on the AEI principle and 
compared it with conventional HEPA filters. He found a removal efficiency of 99.99% for 0.5 - 
1.5 µm diameter KCl particles, which exceeded the removal efficiency of HEPA filters. An 
advantage is that the AEI has the potential to be used in continuous operation (100% duty cycle) 
air purification devices. However, the operational expenses of AEI due to pressure drop and 
sound generation are higher than for a new HEPA filter (Nelson, 2011). 
1.4.2. Inactivation 
 
1.4.2.1. Ultraviolet Germicidal Irradiation (UVGI) 
 
Ultraviolet germicidal irradiation (UVGI) uses UV lamps to disinfect indoor air in places 
like hospitals. This technology is based in UV radiation with wavelengths between 225 - 302 nm 
(Kowalski et al., 2002), which can damage the microorganisms’ DNA, as photons of UV-C light 
are absorbed by DNA producing pyrimidine dimers between other elements that are lethal to 
microorganisms (Noakes et al., 2004). When microorganisms are exposed to UVGI there is an 
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exponential decrease in population that is similar to other methods of disinfection (e.g., ozone 
and heat).  
UV susceptibility of viral aerosols: bacteriophage MS2, adenovirus and coronavirus, was 
characterized and estimated by Walker et al., 2007, at 254 nm UV-C. Their study showed that 
both the MS2 and adenovirus aerosols were highly resistant to UV air disinfection, with a 
reduction of less than 1 log in viable viral aerosols at a UV dose of 2608 µW s/cm2. The 
susceptibility of coronavirus aerosols was 7 - 10 times that of the MS2 and adenovirus aerosols. 
The study concluded that in contrast with bacterial aerosols, there was no significant protective 
effect at high RH on UV susceptibility of the tested viral aerosols (Walker et al., 2007). 
1.4.2.2. Photocatalytic Oxidation (PCO)  
 
This disinfection technology involves the use of low energy UV light on a catalyst in the 
presence of water vapor that generates hydroxyl radicals which destroy microorganisms and 
volatile organic compounds (VOCs) in the air (Goswami et al., 1999). PCO has been integrated 
with unipolar charging technology to remove and inactivate airborne microorganisms from air. 
This technique resulted in 90% of MS2 inactivation when exposed to 10 - 60 min of PCO (Rood, 
2007). 
1.4.2.3. Pulsed Light 
 
Pulsed light technology in contrast to conventional UV light uses high intensity broad-
spectrum white light delivered in short bursts. The wavelength range covered is 200 - 1100 nm 
and each pulse has a short duration but its intensity is 1000 times of conventional UV light 
(Roberts et al., 2003). Roberts et al., 2003 tested inactivation for different viruses (Polio, 
Vaccinia, HSV-1, EMC, HAV, CPV, BPV, SV40). A total fluence (radiative flux) of 1 J/cm2 
was usually required for effective virus inactivation (> 5 log). 
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1.4.2.4. Chemically treated fibers 
 
The use of antimicrobial agents into air filters has been tested with halogenated species 
such as iodine, to remove and inhibit the survival and growth of microorganisms in bioaerosols 
(Lee et al., 2009; Ratnesar-shumate et al., 2008). For instance, according to Lee et al., 2009, 
iodinated resin filter is expected to possess high removal efficiency for bioaerosols and lower 
pressure drop than conventional mechanical filter media. The mechanism responsible for virus 
inactivation involves structural damage to the capsid protein (Lee et al., 2009). 
A study by Ratsenar et al., 2006, confirmed capture efficiencies of iodine resin filters > 
97% for Micrococcus luteus and Escherichia coli bacterial cells (Rood, 2007). Lee et al., 2009, 
tested the filter’s physical and biological removal efficiencies for MS2 bacteriophage. This study 
found that the filter’s strong retention capability minimized reaerosolization but they did not find 
a significant difference among infectivity of retained viruses on treated and untreated filters (Lee 
et al., 2009). 
1.4.2.5. Electrothermal Heating 
 
This technology consists of passing an electric current through the collection device, such 
as the ACFC. This system has been tested for capture and recovery of hazardous air pollutants 
(HAPs) and VOCs (Johnsen et al., 2011; Sullivan et al., 2004). Although there are no published 
studies that tested virus inactivation by electrothermal heating, thermal inactivation of MS2 in 
aqueous samples has been tested and confirmed in our laboratories (Romero et al., 2011). 
Aqueous suspensions of MS2 or rotavirus in 1 mM bicarbonate buffer at pH 7.8 were kept at    
14 ˚C to 60 ˚C up to 15 hr and infectivity assays were conducted over time. Data for 60˚C are not 
shown in Figure 8 because no infectious MS2 was detected (detection limit is 1 infectious 
particle per mL). MS2 inactivation increased from 4 log to 8 log over 12 hr. Such results 
 25 
demonstrate that MS2 can be inactivated at low degrees of thermal treatment. The temperature at 
which complete inactivation of bacteriophage MS2 occurred (60 ºC) in liquid suspension is much 
lower than the temperature achieved during electrothermal regeneration of the ACFC, which is 
typically 200 ºC (Johnsen et al., 2011). 
 
 
Figure 8. Inactivation of MS2 at select temperatures. TOC is total organic matter in solution 
(Romero et al., 2011). 
 
1.5. Research Goals and Relevance 	  
The objectives and significance of this study are as follows:	  	  
• Design and test a bioaerosol generation method based on the LSA: The new developed 
bioaerosol generator has the purpose of providing a stable bioaerosol concentration 
during the evaluation of the BioSampler’s collection efficiency and quantification of the 
removal efficiency by the ACFC. 
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• Quantification of aerosol concentration and infectivity in the sampling system: This task 
has the purpose of quantifying the particle concentration in the system, and evaluate the 
efficiency of the aerosol generation system in terms of viability preservation. 
• Evaluation of the BioSampler’s collection efficiency for viral particles: In order to 
quantify the biological removal efficiency by the ACFC by collecting bioaerosol samples 
upstream and downstream with the Biosampler, it is crucial to know first the collection 
efficiency of the BioSampler for nanodiameter biological particles. The collection 
efficiency obtained by these experiments has the purpose to indicate whether the device is 
useful for quantifying infectivity of biological nanodiameter particles or a different 
method should be investigated. 
• Quantification of physical removal efficiency and inactivation of MS2 bioaerosol by 
ACFC: Preliminary tests were carried out to test the MS2 physical and biological removal 
efficiencies of the ACFC, at the bench-scale. 
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CHAPTER 2: MATERIALS AND METHODS 
2.1. Overview 
This research focuses on three main tasks required for the evaluation of the removal and 
inactivation of MS2 by an ACFC filter. The first task comprises the design and testing of a 
bioaerosol generation device: the LSA. This device is intended to produce a stable bioaerosol 
supply, while preserving virus infectivity. The second task has the purpose of measuring the 
BioSampler’s biological collection efficiency for MS2 viral particles, where the BioSampler has 
been selected to help evaluate the biological removal efficiency of the ACFC filter. The 
evaluation of the collection efficiency consists of using a 100 kDalton membrane to account for 
the inlet MS2 concentration of the BioSampler and through an elution procedure compare it with 
the MS2 concentration collected in the BioSampler. The MS2 concentration is quantified by 
infectivity tests on both samples (membrane and BioSampler). Finally, the third task aims to test 
the ACFC with nanodiameter PSL beads to know whether this filter can physically remove 
nanosized particles from an airstream. 
The schematic of the set-up to evaluate the removal and inactivation of MS2 by an ACFC 
filter cartridge is shown in Figure 9. The set-up is composed of the LSA generation system, the 
ACFC filter, two BioSamplers (upstream and downstream of ACFC) and a SMPS. 
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Figure 9. Schematic of the set-up to evaluate the physical/biological removal and inactivation of 
MS2 by the ACFC filter. 
 
2.2. MS2 Stock Preparation  
MS2 bacteriophage (ATCC 15597-B1) was propagated and purified as described in 
previous studies (Gutierrez et al., 2009). Briefly, Escherichia coli (ATCC 15597) was grown in 
tryptic soy broth solution and inoculated with a stock of 1012 plaque forming units (PFU) per mL 
of MS2. The MS2 was purified by sequential centrifugation (Eppendorf centrifuge 5416) at 500 
× G, for 30 min and microfiltration through a 0.45 µm low-protein-binding polycarbonate track-
etched membrane (Whatman Nucleopore, USA) to remove cell debris. The filtered MS2 stock 
was concentrated using a 100 kDalton membrane (Koch Membranes, USA) in a Millipore 
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ultrafiltration unit (Whatman Nucleopore, USA) and rinsed with a sterile 1mM NaCl solution. 
The final stock was stored at 4 °C in the dark at a final concentration of approximately 1011 
PFU/mL and further diluted into centrifuge tubes to concentrations of 109 PFU/mL to use in 
experiments.  
 
2.3. Infectivity Assay 
MS2 enumeration was performed following the double agar layer procedure (Gutierrez et 
al., 2009). Dilutions by factors of 10 were made to obtain a quantifiable solution. The dilutions 
with a quantifiable number of plaques were plated in duplicates. Briefly, the plaques, formed due 
to the inoculation of E. coli with MS2 at 37°C for 16 h, were counted. Only the plates showing 
20 to 300 plaques were used for calculation of MS2 concentration. The number of PFU was 
calculated as an average of the duplicates of the quantifiable plates.  
 
2.4. Design and Characterization of the Aerosol Generation System 
2.4.1. Bubbler Generation System 
 
At the beginning of this project, a bubbling aerosol generator built in house (Figure 10) 
was used to aerosolize nanodiameter particles. The original set-up consisted of the bubbling 
device (three Erlenmeyer flasks with fritted glass tubes) and a cylindrical mixing chamber. The 
system operated with filtered and dried building air, which passed through the bubbling system 
containing the particle suspension (PSL beads or MS2 virus) to generate the bioaerosol. The 
generated aerosol stream was diluted with filtered and dried building air in the mixing chamber. 
Flow rates for the aerosol generation and the dilution were 3 and 6.7 slpm (20 °C, 1 atm) and 13 
and 17 slpm (20 °C, 1 atm) respectively, which were regulated by mass flow controllers (MFCs).  
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Figure 10. Initial set-up with bubbler generator device. 
 
The stability of the bubbling generator was tested with polystyrene latex (PSL) 
monosized beads (Polysciences, USA). The schematic of the initial set-up for bioaerosol 
generation is shown in Figure 11. A SMPS composed, by a CPC TSI 3010, an EC TSI 3071 and 
the Aerosol Instrument Manager software (TSI Inc., USA), was used for continuous real-time 
monitoring of the total particle number concentration and number size distribution of the 
generated bioaerosol, respectively. The EC and the CPC were connected in series to the 
generator. MFCs were used to maintain properly balanced flows. As the total flow of bioaerosol 
produced by the generator was 20 slpm (20 °C, 1 atm), and only 1 lpm was required by the 
SMPS, the remaining flow was sent to a fume hood. The SMPS was turned on 30 min prior to 
each measurement to allow temperature and flow to adjust. After each measurement, data were 
downloaded with the Aerosol Instrument Manager software. Additionally, butanol was 
replenished every two weeks and the liquid level was checked before each measurement. 
Mixing chamber 
Bubbler generator 
HEPA filter and desiccant for exhaust aerosol 
 
 
BioSampler 
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Figure 11. Schematic of initial set-up for bioaerosol generation. 
 
2.4.1.1 Particle Number Concentration Over Time 
 
The system was tested with 60 nm diameter PSL beads at several particle concentrations 
in the range of 6.2×10-4 to 1.25×10-3 mL beads/mL nanopure water. Tests were 200 min long and 
the average standard deviation and coefficient of variation (COV) were calculated for each test.  
2.4.1.2 Particle Size Distribution 
 
Tests to characterize the particle size distribution were performed with 40 and 95 nm 
diameter PSL beads at a concentration of 7.5×10-3 mL beads/mL nanopure water (Barnstead 
Nanopure ultrapure water system, Barnstead Thermolyne Corp., USA). Two different flow rate 
combinations aerosol/dilution air were tested: 17/3 slpm (20 oC, 1 atm) and 13.3/6.7 slpm (20 oC, 
1 atm). The statistical parameters calculated were geometric mean diameter (GMD) and the 
geometric standard deviation (GSD).  
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All tests were conducted in a biosafety level 2 laboratory and inside a class II biosafety 
cabinet (SterilGard, USA). The final resulting airflow was sent to a Disposable HEPA Air 
Filtration Capsule (Whatman, USA) before being exhausted into the building vacuum. 
Additionally, clamps secured all hose fittings to prevent the escape of aerosol particles and 
bubblers were placed inside secondary plastic containers to hold accidental spills. Furthermore, 
as shown in Figure 11, each bubbler had a secure system made of Plexiglas boards and screws at 
the corners to hold the stoppers and hence prevent them to open due to a pressure raise in the 
system.  
2.4.2. Liquid Sparging Aerosol Generator 
 
As shown in the results chapter, the stability of the bubbling aerosol generator over time 
was not good enough. Therefore, after a careful analysis of the most popular and efficient 
methods for aerosolization of biological nanodiameter particles, the LSA generator was selected. 
This device has proved to produce a highly stable bioaerosol concentration during 180 min 
(Simon et al., 2011) for E. coli and endotoxins. The LSA in our system was designed based on 
the modified LSA (Simon et al., 2011).  
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Figure 12. (A) Bioaerosol generator schematic based on the modified LSA. (B) Upper section of 
LSA generator shows a rubber stopper that holds two main airflow inlets (glass tubes), a needle 
and the main bioaerosol outlet. For safety, a clamping system prevents the stopper to open.      
(C) Close-up of glass funnel with fritted glass surface, in which bubbles are generated and burst 
to produce aerosolized particles. 
 
As seen in Figure 12 (A), the system consists of a glass funnel with a fritted disc of 4 - 
5.5 µm pore size, a ring-shape glass tube with 0.4 cm spaced orifices under the funnel and a 
stainless steel needle on top of the funnel. All three components are held and enclosed inside a 
Pyrex glass Erlenmeyer with a secured and clamped rubber stopper. The stopper holds the 
funnel, ring tube, needle and outlet tube in place (Figure 12 (B)). The bottom of the Erlenmeyer 
has a discharge liquid valve. The system operates with a syringe pump (KDS 220, KD Scientific, 
USA) that feeds the particle suspension at a flow rate Qs (0.5 smlpm, 20 °C, 1 atm) onto the 
fritted glass surface creating a liquid film. Meanwhile, a filtered and dried airflow enters the 
funnel tube at a flow rate Qa (1.5 slpm, 20 °C, 1 atm) and is forced to pass through the liquid 
film. This process causes bubbles, which burst into droplets and particles are carried by the 
(A) (B) 
(C) 
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ascending airflow. A secondary airflow produced by the glass ring at a flow rate Qd (13.5 slpm, 
20 °C, 1 atm) improves mixing and transport of the generated aerosol towards the main outlet 
shown in Figure 13.  
 
 
Figure 13. LSA generation system. 
 
2.4.2.1. Modeling of Mixing Chamber 
 
The mixing chamber used in the bubbler generator device was modeled through the 
software COMSOL Multiphysics (COMSOL INC, USA) to understand the type of flow inside 
this device, and decide whether it would contribute to achieve a homogeneous particle 
concentration. The modeling was performed with streamlines and arrow volume to provide the 
particles’ paths. A streamline 3D is a curve everywhere tangent to an instantaneous vector field, 
whereas an arrow volume plot visualizes a vector quantity as arrows in a 3D volume (COMSOL, 
LSA Syringe pump 
Bioaerosol 
outlet 
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2012). Two different flow combinations (dilution air/aerosol) were simulated for the geometry of 
the mixing chamber used in the bubbler system. The standard k-epsilon turbulent flow model 
was selected for the fluid flow simulation (COMSOL, 2012). 
2.4.2.2. Particle Number Concentration over Time 
 
The system stability over time was tested first with NaCl particles at concentrations in the 
range of 1×10-4 to 1×10-6 g NaCl/g nanopurewater. The flow rate combination of aerosol/dilution 
air tested were: 1.5/13.5 slpm (20 °C, 1 atm). Next, the system was tested with 30 nm diameter 
PSL beads (Thermoscientific, USA) to resemble as much as possible the MS2 behavior. Three 
particle concentrations were tested: 1×10-4, 2×10-4 and 1×10-3 mL beads/mL nanopure water. 
Tests were performed for at least 70 min and statistical parameters (i.e., arithmetic mean; 
standard deviation and COV values) were calculated for all of them.  
Before characterizing the stability of the system with MS2 particles, a control test to 
measure infectivity over time was carried out to ensure the virus infectivity would not change 
throughout the test. The control test consisted of preparing a MS2 sample of 107 PFU/mL and 
performing infectivity assays every 30 min over a 2-hour period. The infectivity did not change 
over 2 hours; therefore, the duration of the test would not affect the virus’s infectivity.  
MS2 concentrations were prepared by mixing 0.01 mL MS2 (1011 – 109 PFU/mL) for 
every mL of nanopure water, resulting in MS2 concentrations of 107 and 109 PFU/mL. Dilutions 
were performed to ensure a detectable particle count. Tests had a minimum duration of 50 min. 
2.4.2.3. Particle Size Distribution 
 
Tests to evaluate particle size distributions were also performed with MS2 concentrations 
of 107 and 109 PFU/mL. Statistical parameters (i.e., GMD and GSD) were calculated. Tests were 
a minimum of 50 min long. Safety measures described on the initial set-up were maintained for 
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the new LSA generation system. The experimental set-up used to characterize the stability and 
particle size distribution of the LSA generation system is shown in Figure 14.  
 
Figure 14. Experimental set-up to characterize the stability and particle size distribution of the 
LSA generation system (Instrument images from: http://directindustry.com, 
http://www.skcinc.com, http://www.pall.com). 
 
2.5. Quantification of Generated Bioaerosol Concentration 
The total particle number concentration of the MS2 bioaerosol generated by the LSA was 
measured by adding the count number of all size bins from the particle number concentration 
distribution data provided by the SMPS. The calculated arithmetic mean of five independent tests 
is reported. The number of infective MS2 particles, represented by number of PFU, was 
determined by the infectivity assays on the initial solution (inside syringe pump) and on the 
membrane’s eluent. Both values are compared and the ratio is reported on the results section.  
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2.6. Characterization of the SKC BioSampler’s Collection Efficiency 
2.6.1. Estimation of Collection Efficiency of the BioSampler using a UV Absorbance 
 
A SKC BioSampler (catalog number 225-9595) was used for this task. The first approach 
to characterize the BioSampler’s collection efficiency for MS2 nanodiameter particles (26 nm) 
consisted of measuring UV absorbance by a UV 2450 spectrophotometer (Shimadzu, Japan) to 
determine the number concentration of MS2 particles. A calibration curved of absorbance vs. 
bead number concentration was developed with 40 nm diameter PSL beads. An absorbance 
spectrum was run in order to determine the maximum absorbance for 40 nm diameter PSL beads, 
which was detected at 224 nm. The curve was constructed by measuring UV absorbance for each 
of 6 different beads concentrations in a range from 1.39x10-2 to 4.2x10-2 mL beads/mL nanopure 
water. A linear regression was used to obtain an equation that relates both variables and hence 
the number concentration can be obtained by measuring UV absorbance. The calibration curve 
would serve us for comparing the beads concentrations in the aerosol generator with the 
BioSampler’s collection media and then calculate the biological collection efficiency of the 
BioSampler.  
2.6.2. Estimation of Collection Efficiency of the BioSampler using two CPCs 
 
The second approach consisted of installing two CPCs, one upstream and the other 
downstream of the BioSampler to measure the particle concentration at both inlet and outlet of 
the device and thus obtain the physical collection efficiency of the BioSampler. However, the 
low pressure (0.5 atm) downstream of the BioSampler caused difficulties on the CPC operation 
and therefore, the reading provided by the CPC located upstream was not accurate. Some of the 
trouble shooting and the attempted solutions are presented as follows: 
• Butanol spills at the inlet of the CPC
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o Probable cause: The BioSampler’s low pressure created a vacuum at the 
inlet of the CPC, which exceeded the vacuum at the outlet. 
o Attempted solution: The critical orifice controlling the outlet flow of the 
CPC was removed and a MFC was installed instead. The MFC allowed 
increasing the flow at the outlet of the CPC and thus prevented a butanol 
leakage. 
• Disagreement among CPC readings.  
o Probable cause: As this problem only occurred when the CPCs were 
connected to the aerosol generation system (tests under ambient conditions 
did not show any disagreement) the lower pressure generated by the 
BioSampler may have affected the upstream CPC’s operation. 
o Solution attempted: The CPCs were switched among upstream and 
downstream but there was always a consistent difference between both 
readings, thus it was not the device but the location the cause. The set-up 
was also modified so that the tubing length from the generation system to 
the CPC was the same for both CPCs. Butanol was replenished every 
week and the concentration of the beads solution was the same as well. 
2.6.3. Estimation of Collection Efficiency of the BioSampler using a 100-kDa Membrane 
 
Finally, the third and current approach involved the use of a membrane filter to measure 
the biological collection efficiency of the SKC BioSampler. A membrane KMS HFM™-180 
Koch (100 kDaltons ~ 17 nm) inside a 47 mm aluminum filter holder (Pall Corporation, USA) 
was located in parallel to the BioSampler to collect the biological particles sent to the 
BioSampler, as shown in Figure 15. Recovery of MS2 in the membrane was achieved with an 
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eluent solution containing 1.5% beef extract and 50mM glycine (Gutierrez et al., 2009) and at a 
pH between 8 - 9. The membrane was eluted in the described solution at 37 °C and 200 RPM in 
a shaking incubator (VWR International, LLC). Infectivity assays were performed on final eluent 
suspension and BioSampler’s collected suspension.  
 
Figure 15. Experimental set-up to characterize the biological collection efficiency of the 
BioSampler with a 100 kDa membrane. 
 
PFU for virus and colony forming unit (CFU) for bacteria have been used in previous 
studies to calculate biological efficiencies of bioaerosol collection devices (Agranovski et al., 
2005; Appert et al., 2012; Hogan et al., 2005; Lee et al., 2009; Mainelis et al., 2005; Oh et al., 
2010). 
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The biological collection efficiency of BioSampler (Edp) is calculated as follows 
E!" = PFU!×Q!PFU!× 1Eff! ×Q!×100 
 PFU!:  Plaque  forming  units  on  BioSampler  suspension!s  suspension Q!:  Flow  rate  of  filter  (slpm, 20  °C, 1  atm) PFU!:  Plaque  forming  units  on  Filter!s  eluent  solution Eff!:  Membrane  efficiency   from  control  tests  Q!:  Flow  rate  of  BioSampler  (slpm, 20  °C, 1  atm) 
 
Prior to the experiments, at least 5 control tests were performed to ensure that the 
membrane could collect and release MS2 upon elution and shaking. The control tests were 
conducted as follows. First, the same MS2 volume to be aerosolized was pipetted directly onto 
the 100 kDa membrane filter, which was housed inside the aluminum filter holder. Then the 
filter holder was capped and connected to the filtered and humidified air. The humidified air was 
passed through the membrane filter setup for 30 min. After passing air through the membrane 
filter, the filter was eluted with 30 mL in the eluent solution as described before. The eluent was 
subjected to infectivity assay. The results of the infectivity assay for the eluent solution were 
used to calculate the total PFU present in the eluent. The recovery percentage was calculated as 
the ratio of the total PFU present in the eluent divided by the total PFU pipetted on the 
membrane before humidified air was passed through the membrane. Effm represents the 
arithmetic mean of the recovery percent from the 5 control tests. To calculate the biological 
collection efficiency of the BioSampler three independent experiments were performed and the 
respective arithmetic mean and standard deviation are reported. 
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Regarding the flow rate through the membrane, a pressure drop generated by the 
membrane caused the flow rate to drop after the membrane was placed in the filter holder. As the 
building vacuum was not strong enough to maintain a 1 slpm (20 °C, 1 atm) flow rate; a pump 
was used instead. As the flow rate took some time to reach a 1 slpm (20 °C, 1 atm) value, the 
average flow rate through the filter Qf  was less than 1 slpm (20 °C, 1 atm) and it was corrected 
as follows. 
 Q! = Q!×t! + Q!×t!t!!!  Q!:  Flow  rate  of  period  1   unstable slpm, 20  °C, 1  atm  t!:  Time  duration  of  period  1   unstable  Q!:  Flow  rate  of  period  2   stable slpm, 20  °C, 1  atm  t!:  Time  duration  of  period  2 stable  t!!!:  Total  time  duration  (30± 2  min) 
 
Cleaning of the system was performed in between tests and consisted of aerosolizing 70% 
ethanol for 1 hour, followed by passing filtered and dried air through the system for a couple of 
hours to help evaporate the ethanol. The BioSampler and filter holder were autoclaved in a 30 
min liquid cycle at 121 °C (Amsco Scientific SG-120, USA). 
Improvements to the system set-up included the installation of a membrane based 
humidifier and an automated control system to achieve 50% RH. RH was maintained and 
controlled to keep the membrane filter humidified and prevent virus inactivation by desiccation. 
A 50% RH value was selected based on the ASHRAE Standard 62-2001, which recommends an 
indoor RH range of 30 - 60% to avoid respiratory discomfort and growth of mold and fungi 
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(ASHRAE, 2002). Furthermore, the diameter of the tubing from the aerosol generator to the 
BioSampler was increased from 0.64 cm (1/4 in) to 0.95 cm (3/8 in) outer diameter (OD) to 
prevent particle loss.  
2.7. Filtration through the ACFC Filter 
Preliminary tests were performed to compare the concentrations of 40 and 95 nm 
diameter PSL beads at the inlet and outlet of the ACFC filter, respectively. Suspensions of PSL 
beads were prepared by mixing 3 mL PSL beads solution with 100 mL nanopure water. Equal 
volumes of each diameter beads suspension were mixed and added to the initial bubbler 
generation system. The generation system was connected to a 3 or 6.7 slpm (20 °C, 1 atm) 
airflow (filtered and dried) for aerosolization. A 17 or 13.3 slpm (20 °C, 1 atm) dilution airflow 
(filtered and dried) was mixed with the aerosol produced by the bubbler at the inlet of the mixing 
chamber. The aerosol coming out of the mixing chamber was sent to the SMPS to measure the 
particle number concentration at the ACFC’s inlet. A similar procedure was followed for the 
assessment of the particle number concentration at the ACFC’s outlet, but instead of sending the 
aerosol from the mixing chamber to the SMPS, this was sent to the ACFC cartridge and then to 
the SMPS. Each aerosolization test was conducted for 30 min. Both particle concentrations were 
compared and the removal efficiency was calculated by subtracting the ratio (outlet 
concentration/inlet concentration) from 1. The system was cleaned in between tests by 
aerosolizing nanopure water, passing dry and filtered air through the system and rinsing 
thoroughly the bubblers. 
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CHAPTER 3: RESULTS AND DISCUSSION 
 
3.1. Aerosol Generation 
3.1.1. Bubbler Generation System 
 
3.1.1.1. Particle Number Concentration over Time 
 
The particle number concentration produced by the bubbler system over time is shown in 
Figure 16. Six concentrations of 60 nm diameter PSL beads were aerosolized and monitored for 
200 min. As seen in the graph, there is a sharper increase in concentration in the first 30 min of 
aerosolization, however, the increasing trend continues during the whole measurement period. 
The calculated average COV of the different concentration of PSL beads is 17.3%.  
 
 
Figure 16. Particle concentration over time for different concentrations of 60 nm diameter PSL 
beads by bubbling generator. 
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3.1.1.2. Particle Size Distribution 
 
The particle size distributions produced by the bubbler generator for 40 and 95 nm 
diameter PSL beads at two flow rates are shown in Figure 17. Concentration peaks are observed 
at 44.5 and 94.7 nm for both flow rates but the total particle number concentration for the 
13.6/6.7 slpm (20° C, 1 atm) (dilution/aerosol) flow rate is seven times higher than the 17/3 slpm 
(20° C, 1 atm) flow rate, as a consequence of the higher proportion of aerosol flow rate in the 
final mixture. In relation to the shape of the particle size distribution, it is narrower and better 
defined for the 95 nm beads.  
 
Figure 17. Particle size distribution for a mixture of 40 and 95 nm diameter PSL beads at two 
different flow rates by bubbling generator. 
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3.1.2. Liquid Sparging Aerosol Generator 
 
3.1.2.1. Modeling of the Mixing Chamber 
 
The results of modeling the mixing chamber at two flow rates are shown in Figures 18 
and 19. Each test was performed with two methods: streamlines and arrow volume. The flow 
pattern shown by the streamlines study for both flow combinations seems turbulent. Moreover, 
the geometry of the mixing chamber exhibits sharp edges and corners, which can cause 
aerosolized particles to stick to walls and hence get lost in the process. Therefore, the mixing 
chamber was not included in the LSA system. 
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Figure 18. Model of mixing chamber by streamline study (top) and arrow volume (bottom). 
Dilution air flow: 12.5 slpm (20 °C, 1 atm), aerosol flow: 2.5 slpm (20 °C, 1 atm). 
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Figure 19. Model of mixing chamber by streamline study (top) and arrow volume (bottom). 
Dilution air flow: 13.5 slpm (20 °, 1 atm), aerosol flow: 1.5 slpm (20 °, 1 atm). 
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3.1.2.2. Particle Number Concentration over Time 
 
The particle stability of different concentrations of NaCl solution with the LSA is shown 
in Figure 20. Particle concentration becomes stable after 20 min; the COV for the stable section 
is 0.88% and 2.22% for the 1×10-5 and 1×10-6 g NaCl/g nanopure water concentrations 
respectively. The most concentrated NaCl solution had the highest COV (6.3%). These values 
are significantly lower compared to the average COV of the bubbler generator (17.3%), and there 
is no observed increasing pattern, like the one the bubbler generator exhibited.  
 
 
Figure 20. Particle concentration over time for NaCl particles at different solute concentrations 
by LSA. 
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beads/mL nanopure water), 15 min for the second one (1×10-4 mL beads/mL nanopure water) 
and 20 min for the least concentrated one (2×10-4 mL beads/mL nanopure water). The COVs 
were calculated based on the stable section and the values are 10.2%, 13.6% and 3.4% for the 
1×10-4, 2×10-4 and 1×10-3 mL beads/mL nanopure water concentrations respectively. COVs 
show that less concentrated beads solutions (1×10-4, 2×10-4) have a better stability than the most 
concentrated solution (1×10-3 mL beads/mL nanopure water).  
 
Figure 21. Particle concentration over time for 30 nm diameter PSL beads at different 
concentrations by LSA. 
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other tests). The calculated COVs are 3.4% and 4.7% (1/13.5 slpm, 20 °C, 1 atm) and 4.6% 
(1.5/13.7, slpm, 20 °C, 1 atm) with an average of 4.1%. These values are significantly lower 
compared to the average COV of the bubbler generator (17.3%), 
 
Figure 22. Particle concentration over time for 30 nm diameter PSL beads for 1×10-4 mL 
beads/mL nanopure water at two flow rate combinations by LSA. 
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difference in particle concentration is likely related to a change in MS2 infectivity (PFU/ml) 
during that time.  
 
Figure 23. Particle concentration over time for MS2 (10ˆ9 PFU/mL) by LSA. 
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attributed to instability of the MFCs, and changes in infectivity over time. The possibility of 
remaining contamination from previous tests needs also be examined in future experiments.  
 
Figure 24. Particle concentration over time for MS2 (107 PFU/mL) by LSA. 
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probes are located in the tubing that connects the generator with the SMPS. Such configuration 
can result in particle loss and alter the particle size distribution. However, the GSD values reflect 
a quite narrow size distribution for MS2 particles. Christensen et al., 2009, evaluated different 
aerosol generation devices with MS2 particles and found a GSD range between 1.3 and 1.6, 
which corresponds to narrow and normal sizes distributions.  
 
 
Figure 25. Particle size distribution for MS2 (10
	  7 PFU/mL) by LSA. 
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of MS2 particles is attributed to the formation of aggregates in the water suspension due to 
hydrophobic interaction of the viral protein capsids. This study also describes that particles 
smaller than the MS2 bacteriophage diameter are caused by fragmentation of some of the virion.  
3.2. Generated Bioaerosol Concentration  
The arithmetic mean measured generated bioaerosol concentration in the system was 
10,400 particles/cm3 for an initial MS2 concentration of 107 PFU/mL, as shown by Figure 24. 
The average total PFU at the inlet of the BioSampler (captured by the membrane): 2,222.8 PFU, 
compared with the total PFU aerosolized: 4.3 x 108 PFU, represent less than 1 ppm (3.5 x 10-7).of 
the total PFU aerosolized. 
3.3. Collection Efficiency of BioSampler 
3.3.1. Estimation of Collection Efficiency of the BioSampler using UV Absorbance 
 
The calibration curve that relates absorbance with concentration of 40 nm diameter PSL 
beads is shown on Figure 26. A linear correlation was found for the absorbance and the 
concentration of the standard samples. The coefficient of determination (R2) for this correlation 
is 0.99. Based on this correlation, concentrations of non-standard samples can be calculated 
given the measured absorbance.  
When 0.01 mL of bead suspension was diluted and mixed with 1 mL of nanopure water 
used to generate aerosols, the sample captured by the BioSampler had an absorbance of 0.019. 
Thus, the concentration of the beads captured was below the detection limit of the UV 
absorbance method (0.1). For this reason, we decided not to use this method to determine the 
biological collection efficiency. On the other hand, it was not possible to increase the PSL beads 
concentration as these could agglomerate and affect the particle concentration on the DMA. 
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Figure 26. Calibration curve of absorbance vs. concentration for 40 nm diameter PSL beads, at 
λ= 224 nm. 
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Table 2. Control tests results for MS2 recovery on 100 kDa Koch membrane. 
Test	   %	  MS2	  recovery	  
1	   29.29	  
2	   36.01	  
3	   29.29	  
4	   57.52	  
5	   45.86	  
Arithmetic	  mean	   39.59	  
Standard	  deviation	   12.10	  
 
The biological collection efficiency of the BioSampler was 7.98 ± 0.42% based on the 
results of three independent experiments at flow rates of 6 slpm and 1 slpm (20° C, 1 atm) for the 
BioSampler and filter, respectively. This low collection efficiency agrees with the results  of less 
than 10% for particles in the range of 30 - 100 nm in diameter (including MS2) obtained for 
different impingers (including the BioSampler) reported by Hogan et al., 2005. Hogan et al., 
2005, suggested that for particles < 30 nm in diameter, collection efficiency increases with 
decreasing particle diameter because the collection mechanism for these diameter particles is 
diffusion, which increases with decreasing particle diameter, in that size range. Hogan et al., 
2005, state that all samplers have a penetration window in the 30 – 100 nm range, where the 
collection efficiency is 10% or lower. As viruses have sizes within this range, their collection 
efficiencies are very low for liquid-based samplers.  
 
3.4 Characterization of ACFC Filter for Capture and Inactivation of MS2 
A comparison between the inlet and outlet of the ACFC for particle size distributions of a 
mixture suspension containing equal volumes of 40 and 95 nm PSL diameter beads is shown in 
Figures 27 and 28. The tests were carried out with two different flow rates (aerosol/dilution): 
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Test shown by figure 29 operated at 17/3 slpm (20 °C, 1 atm) and the test shown by Figure 30 
operated at 13.3/6.7 slpm (20 °C, 1 atm). The bubbler was used for bioaerosol generation. 
Results showed a physical removal of 97 ± 0.07% of nanodiameter particles by the ACFC.  
 
Figure 27. Removal of 40 and 95 nm diameter PSL beads by ACFC (bubbler generator) at flow 
rates: 17 slpm (20 °C, 1 atm) of dilution and 3 slpm (20 °C, 1 atm) of aerosol. 
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Figure 28. Removal of 40 and 95 nm diameter PSL beads by ACFC (bubbler generator) at flow 
rates: 13.3 slpm (20 °C, 1 atm) of dilution and 6.7 slpm (20 °C, 1 atm) of aerosol.  
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CHAPTER 4: SUMMARY AND CONCLUSIONS 
4.1. Research Summary 
The main goal of this research was to test an activated carbon fiber cloth (ACFC) 
cartridge built in house for the removal and inactivation of a MS2 Bacteriophage aerosol. To 
evaluate the biological removal efficiency of the ACFC, the SKC BioSampler was chosen 
because of its high collection efficiency for biological particles with micrometer diameters. The 
manufacture reported that this BioSampler had 100% and 90% collection efficiency for 1 µm and 
0.5 µm diameter particles, respectively (SKC Inc., 
http://www.skcinc.com/instructions/1603.pdf). However, the MS2 size diameter is 26 nm and as 
the collection efficiency of the BioSampler decreases with decreasing particle diameter, this 
parameter needed to be determined first.  
The bioaerosol generation method used initially was the bubbler aerosol generator but the 
particle number concentration of aerosolized nanodiameter PSL beads showed a high instability 
and increasing pattern over time (COV: 17.3%). Therefore, a Liquid Sparging Aerosolizer (LSA) 
was designed and built to improve aerosolization. The LSA had previously shown a maximum 
13% COV for particle number concentration over 180 min tests with Pseudomonas fluorescence 
cells  (Mainelis et al., 2005).  The viability of Pseudomonas fluorescence cells was preserved for 
90 min tests (Mainelis et al., 2005). The new LSA was tested with 200 nm diameter NaCl 
particles and 30 nm diameter PSL beads prior to the actual MS2 tests. The aerosol stability was 
highly improved with the LSA (COV < 10%). The average time for particle number 
concentration to reach stability was 30 min. Tests with MS2 also showed an improved stability in 
comparison with the bubbler generator. MS2 concentrations of 109 and 107 PFU/mL were tested 
resulting in COV values below 5% and stabilization occurred at 20 min. The particle size 
distribution for aerosolized MS2 shows a maximum concentration at 25.9 nm, very close to the 
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actual diameter of MS2 bacteriophage (26 nm). The particle size distribution also shows a 
smaller peak at 21 nm, which indicates possible presence of viral fragments. The average 
geometric standard deviation (GSD) obtained (1.64) was larger than in previous studies that also 
used the LSA (1.3) (Mainelis et al., 2005; Simon et al., 2011), showing a broader distribution. 
However, features of the system set-up might have affected this behavior. For instance, the 
presence of a mixing chamber and the location of the probes could have helped to produce a 
more homogeneous aerosol and to better prevent particles loss as reported in the previous studies 
(Mainelis et al., 2005; Simon et al., 2011). The bioaerosol produced by the LSA provides a stable 
particle concentration for 50 min, which is enough to perform BioSampler tests (30 min). The 
average measured bioaerosol concentration generated in the LSA system was 10,400 
particles/cm3, for a MS2 concentration of 107 PFU/mL. 
The second part of the project had the purpose of measuring the biological collection 
efficiency of the BioSampler. The first method consisted of using ultraviolet light (UV) 
absorbance by particles to determine particle concentration. A correlation between the 
absorbance and the particle concentration was established by measuring absorbance for samples 
with known particle concentrations. The collection efficiency would be calculated as the ratios of 
the total number of particles generated by the LSA and the total number of particles collected by 
the BioSampler. However, the particle concentration in the BioSampler was below the detection 
limit of the spectrophotometer and this method could not be used. The second approach 
consisted of using two condensation particle counters (CPCs) upstream and downstream of the 
BioSampler to determine the physical collection efficiency. When the CPC was located upstream 
of the BioSampler, the CPC results were inconsistent due to a pressure drop caused by the 
BioSampler itself. For this reason, the CPC method could not be used. The final approach 
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involved the use of a 100 kDalton membrane (~17 nm) to evaluate the biological collection 
efficiency of the BioSampler. The membrane was located in parallel with the BioSampler to 
collect the biological particles sent to the BioSampler. Recovery of MS2 in the membrane was 
achieved by elution with 1.5% beef extract and 50 mM glycine at pH 8-9. Infectivity assays were 
performed on the eluent suspension and BioSampler’s collected suspension. MS2 aerosol was 
generated at 50% relative humidity (RH). The flow rates of 6 slpm (20 °C, 1 atm) and 1 slpm (20 
°C, 1 atm) were used for the BioSampler’s and for the filter, respectively. Results based on the 
elution and infectivity assays indicated that the BioSampler biological collection efficiency for 
MS2 particles was 7.98 ± 0.42 %. These results agree with a previous study that reported < 10% 
collection efficiency of impingers (including the BioSampler) for particles in the range of 30 – 
100 nm diameter (Hogan et al., 2005). The third stage of the project involved the actual test of 
the ACFC for the removal and inactivation of MS2. Preliminary tests with 40 and 95 nm 
diameter PSL beads showed a removal of > 97% of the particles when comparing the outlet and 
inlet concentrations of the ACFC. 
Based on this research result, improvements on the LSA generation system (mixing 
chamber, location of probes and stirring of viral suspension) could be necessary to produce a 
more stable and monodisperse bioaerosol. Additionally, the biological collection efficiency of 
the BioSampler should be evaluated under different conditions of RH, flow rate and viral 
concentration to accurately select the optimum conditions that will enhance the BioSampler’s 
biological collection efficiency. The next section describes in more detail recommendations for 
future work. 
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4.2. Future Research 
The LSA generator designed, fabricated, and tested in this research, produced a more 
stable bioaerosol, compared to the bubbler generator. Thus, this LSA generator can be used to 
generate bioaerosol to test the ACFC’s ability to remove and inactivate MS2. If a more 
homogeneous and stable viral aerosol is required, improvements to the system, such as 
incorporating a mixing chamber, installing the measuring devices closer to the generation point 
and adding a constant stirrer for the viral suspension, could be considered.  
 The biological collection efficiency of the BioSampler was evaluated under a single set 
of conditions of RH, flow rates and MS2 concentration. Further tests should be performed to 
characterize its biological collection efficiency at different conditions (flow rate, RH, MS2 
concentration). Improvement of the biological collection efficiency may be achieved by raising 
RH level to increase the particle diameters. Tests to measure the physical removal efficiency of 
MS2 by the ACFC should also be conducted under the same conditions used for the evaluation 
of the biological collection efficiency.  
Finally, electrothermal heating experiments, which will incorporate the evaluation of the 
amount of electrical power applied to the ACFC filter and the effect of increasing electrical 
power on the infectivity of collected bioaerosols, should also be conducted. Similar tests without 
electrothermal heating will also be performed to investigate the inactivation of the bioaerosol due 
to interaction of the bioaerosol with the surface of ACFC. 
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